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Edited by Ivan SadowskiAbstract The PhoP–PhoR two-component system is essential
for virulence and intracellular growth of Mycobacterium tuber-
culosis (MTB) in human and mouse macrophages or in mice.
Here, PhoP and truncated PhoR sensor proteins were shown
to participate in phosphotransfer reactions using conserved resi-
dues characteristic of two-component signaling systems. b-
Galactosidase activity originating from phoP promoter-lacZ
construct was inhibited in presence of PhoP, suggesting tran-
scriptional auto-inhibition by the response regulator. In vitro
binding of PhoP is consistent with the in vivo transcriptional
repression, indicating phosphorylation-independent assembly of
the transcription initiation complex at elevated concentrations
of PhoP. DNaseI protection studies reveal a consensus recogni-
tion sequence within the phoP promoter that includes three 9-bp
direct repeat units. Each repeat unit adjusts to the consensus
1ACT=
T
G=
T
G=GPyAPuC
9. Alteration in the sequence of the new-
ly-identiﬁed direct repeat units relieved phoP transcriptional
repression in presence of PhoP, suggesting that PhoP represses
its own expression by sequence-speciﬁc interaction(s) with the re-
peat units. Together, these results identify so far unknown PhoP-
regulated genetic determinants in the regulatory region of the
phoP promoter that are central to understanding of how PhoP
may possibly function as a global regulator in MTB.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Mycobacterium tuberculosis (MTB) is a successful intracellu-
lar pathogen that can adapt to changing environmental condi-
tions encountered within the host. Although, very little is
known about the global regulatory mechanisms that coordi-
nate environmental changes and intracellular gene expressionAbbreviations: EDTA, ethylene diamine tetra-acetic acid; HEPES, [N-
(2 hydroxyethyl)] piperazine-N0-[2-ethanesulphonic acid]; IPTG, iso-
propyl b-D-thiogalactopyranoside; NTA, nitrilotriacetic acid; ORF,
open reading frame; PAGE, polyacrylamide gel electrophoresis; PM-
SF, phenylmethylsulfonyl-ﬂuoride; SDS, sodium dodecyl sulfate
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doi:10.1016/j.febslet.2006.09.004in MTB, it seems likely that signal transduction and transcrip-
tional regulatory mechanisms contribute to the ability of the
organism to be so well adapted to various changes in the envi-
ronmental conditions [1]. In bacteria and lower eukaryotes,
adaptation to changes in the environment is often mediated
by two-component regulatory systems through phosphotrans-
fer reactions between a membrane-localized histidine kinase
sensor and a cytoplasmic response regulator transcription fac-
tor. Such systems are involved in the signal transfer from ini-
tial stimulus to cellular response for a multitude of diverse
biological processes, including respiration, metabolism, devel-
opment and drug resistance [2,3]. Also, in pathogenic bacteria,
an increasing number of two-component systems have recently
been shown to regulate expression of virulence determinants
[4,5]. In most cases the response is modulation of transcription
through the response regulator acting as a transcriptional
modulator.
While information is available about host factors regulating
aspects of MTB persistence in vivo [6], little is known about
the bacterial factors required for growth and survival during
stages of infection [7]. In recent years, two-component signal
transducing systems have been shown to play critical role in
latency and other stages of MTB life cycle [8]. Out of the 11
paired systems [9], expression of some systems is induced dur-
ing in vitro growth of MTB in macrophages, a location where
the bacillus is likely to reside in vivo [10–12]. Therefore, the
downstream genes regulated by these systems are likely to be
required for growth of the tubercle bacillus during various
stages of infection. A recent report shows that pathogenicity
of MTB in immunodeﬁcient SCID mice is enhanced following
disruption of some two-component systems, suggesting that
these systems may regulate genes, which suppress intracellular
growth of the bacillus during the early stages of infection [13].
Although, the implication of these genes in intracellular
growth of MTB has not been elucidated up to now, a study
by Martin and coworkers using a phoP disruption mutant
established essentiality of PhoP for intracellular growth of
the tubercle bacilli in mouse macrophages. The mutant strain
was also attenuated in vivo in a mouse infection model, with
impaired growth observed in the lungs, livers and spleens, sug-
gesting association of the gene with bacterial virulence [14].
phoP–phoR locus of the MTB genome shows signiﬁcant se-
quence similarity to phoP–phoQ of Salmonella typhimurium,
which is known to control expression of key virulence genes
in diverse intracellular pathogens [15,16] as well as direct or
indirect regulation of a number of other genes [17]. Addition-
ally, MTB phoP has been shown to exhibit diﬀerential expres-blished by Elsevier B.V. All rights reserved.
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man macrophages [11,18]. PhoP of Escherichia coli, Bacillus
subtilis and Streptomyces coelicolor were shown to interact
with their identiﬁed binding sites to control diverse responses
like Mg+2 sensing, phosphate starvation and secondary metab-
olite biosynthesis [19–21]. More recently MTB PhoPR two-
component system has been shown to be involved in regulation
of genes essential for virulence and complex lipid biosynthesis
[22,23]. Although phoP has been implicated genetically as
essential for intracellular growth of the pathogenic bacilli, bio-
chemical evidence of its role in transcription activation has
been lacking. Here we demonstrate that PhoP negatively auto-
regulates its own expression by speciﬁc recognition of a newly-
identiﬁed sequence motif comprising three 9-bp direct repeat
subunits. The sequence determinant for this interaction and
its implication on the functionality of PhoP as a possible glo-
bal regulator of MTB is discussed.2. Materials and methods
2.1. Bacterial strains, media, and growth conditions
E. coli DH5a [24] was used as host for all cloning procedures. E. coli
BL21(DE3) containing the phage T7 polymerase gene under the con-
trol of the lacUV5 promoter [25] served as the host for over-expression
of the recombinant forms of PhoP and PhoR proteins from the pET
expression plasmids. E. coli strains were routinely grown at 37 C in
LB medium or on LB agar. The Mycobacterium strains used in this
study included M. tuberculosis H37Ra (ATCC 25177) and Mycobacte-
rium smegmatis mc2155 [26]. Mycobacterium strains were grown under
standard laboratory conditions in Middlebrook 7H9 broth or Middle-
brook 7H10 agar medium (Difco) supplemented with 0.5% glycerol,
10% albumin–dextrose–catalase (Difco), and 0.05% Tween 80. The fol-
lowing antibiotics (Sigma) were added to the media when appropriate:
ampicillin (Amp) (100 lg ml1), kanamycin (Kan) (25 lg ml1) and
hygromycin (Hyg) (50 lg ml1). Isopropyl-b-D-thiogalactopyranoside
(IPTG; Sigma) was added to E. coli cultures to induce protein over-
expression at 0.4 mM. Preparation and transformation of electrocom-
petent M. smegmatis mc2155 was performed as described previously
[27] and plates containing Kan and Hyg were used to select the trans-
formants.2.2. Preparation, ampliﬁcation and cloning of DNA, site-directed
mutagenesis
To construct the phoP promoter-lacZ reporter constructs, 410-bp
full-length phoP promoter region, phoP1 (coordinates 350 to +60
with respect to the translational start site), and a 250-bp phoP–phoR
intergenic region, IR (44 bases of phoP–phoR intergenic space with
ﬂanking 100 bases from the end of phoP open reading frame (ORF)
and 106 bases from the start of phoR ORF), were ampliﬁed by poly-
merase chain reaction (PCR) from M. tuberculosis genomic DNA as
template using the primers FPphoP1up and RPphoP1up for the phoP1
fragment, and FPphoP-RIR and RPphoP-RIR for the IR region,
respectively (Table 1). The PCR-derived fragments were gel puriﬁed,
digested with BamHI and KpnI, and cloned in the promoterless lacZ
reporter plasmid pJEM15 [28] to construct pSG115 and pSG117,
respectively (see Table 1). The ‘D’ sequences were used to refer the
non-speciﬁc random sites generated by interchanging all the As with
Cs and Gs with Ts and vice versa for speciﬁc binding sites. While
designing the DR1D, DR2D and DR3D sequences (pAS25, pAS26
and pAS27 constructs refer to the promoters mutated at the respective
repeat units), only the DR1, DR2 and DR3 sequences were scrambled,
respectively, leaving the other direct repeat sequences unaltered. In all
cases, sequence alterations were introduced by PCR using the two-
stage overlap extension method [29].
To express diﬀerent proteins in E. coli, a T7lac based expression sys-
tem pET15b, was used and both PhoP and PhoRC were modiﬁed by an
amino-terminal His-6 tag. To this end, plasmid pET-PhoP (pSG15) and
pET-PhoRC (pSG18) were constructed as follows. The coding region of
the phoP gene was ampliﬁed from the genomic DNA ofM. tuberculosisH37Ra using primers that introduced an NdeI restriction site (phoP-
start) at the start codon and a BamHI site (phoPstop) 3 0- of the stop co-
don. The PCR-derived phoP fragment was gel puriﬁed, digested with
NdeI and BamHI, and ligated to the NdeI–BamHI backbone fragment
of pET15b. The cloning strategy resulted in a PhoP derivative (247 ami-
no acid residues) with natural C-termini. The sequence encoding cyto-
plasmic portion of PhoR was chosen based on amino acid sequence
alignment data of MTB PhoR with MTB TrcS [30] and M. smegmatis
SenX3 [31]. Autophosphorylation and subsequent phosphotransfer
ability were shown for both the truncated sensor proteins expressing
the cytoplasmic region only [30,31]. To over-express PhoRC, the cyto-
plasmic portion of PhoR was ampliﬁed by PCR from M. tuberculosis
H37Ra genomic DNA using synthetic oligonucleotides that included
NdeI (phoRCstart) and BamHI (phoRCstop) sites respectively to facil-
itate cloning. This procedure has led to a deletion of 576-bp encoding
residues 1–192 of PhoR. The resulting PhoRC protein consisted of
293 residues spanning Thr-193 to Pro-485 and included the cytoplasmic
domain presumably responsible for its role as a sensor kinase. To ex-
press recombinant PhoP in mycobacteria, phoP was also cloned in a
mycobacterial expression vector p19Kpro [32] using synthetic oligonu-
cleotides that included BamHI (mphoPstart) andHindIII (mphoPstop)
restriction sites, respectively (Table 1). Oligonucleotides were synthe-
sized by Integrated DNA Technologies, Inc. Plasmid DNA isolation
and routine gel puriﬁcation was performed using Qiagen spin columns
and procedures. Restriction endonucleases, alkaline phosphatase and
bacteriophage T4 DNA ligase were from New England Biolabs,
USA. Mutations were introduced into the ORFs by PCR using the
two-stage overlap extension method [29]. All constructs were veriﬁed
by enzymatic dideoxy chain-terminating DNA sequencing.2.3. Protein expression and puriﬁcation
Wild-type and mutant pET-PhoP/PhoRC plasmids were trans-
formed into E. coli BL21(DE3). Cultures (100 ml) of E. coli
BL21(DE3)/pET-PhoP were grown at 37 C in LB medium containing
0.1 mg ml1 Amp until the A600 reached 0.4. The cultures were ad-
justed to 0.4 mM IPTG, and incubation was continued either at
18 C for overnight to over-express PhoP or at 37 C for 3 h to over-
express PhoRC. The expression of cloned proteins were monitored
after running the whole-cell lysates of recombinant strains on 12 % so-
dium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–PAGE)
followed by Coomassie blue staining. Cells were harvested by centrifu-
gation, and the pellet was stored at 80 C. All subsequent procedures
were performed at 4 C. Thawed bacteria were resuspended in 10 ml of
lysis buﬀer (50 mM Tris–HCl, pH 7.5, 0.6 M NaCl, 10% (vol/vol) gly-
cerol). Lysozyme, phenylmethylsulfonyl-ﬂuoride (PMSF), benzami-
dine were added to a ﬁnal concentration of 0.1 mg ml1, 0.1 mg
ml1, and 0.16 mg ml1, respectively. The lysates were sonicated, and
insoluble material was removed by centrifugation for 30 min at
17200 · g. The soluble extract was applied to a 0.5 ml column of nick-
el-nitrilotriacetic acid (Ni-NTA) agarose (Qiagen) that had been equil-
ibrated with lysis buﬀer containing 0.1 mg ml1 PMSF and
0.16 mg ml1 benzamidine. The column was subsequently washed with
5 ml of buﬀer A (50 mM [N-(2 hydroxyethyl)] piperazine-N 0-[2-ethane-
sulphonic acid] (HEPES), pH 7.3, 0.2 M NaCl, 10% (vol/vol) glycerol)
containing 1.2 M NaCl (ﬁnal concentration), 5 ml of buﬀer A plus
15 mM imidazole, respectively, and eluted stepwise with 0.7 ml ali-
quots of buﬀer A containing 50, 100, 150, 200 and 250 mM imidazole,
respectively. The polypeptide compositions of the column fractions
were monitored by 12% SDS–PAGE. Recombinant PhoP and PhoRC
containing the His-tag were recovered predominantly in the 150 mM
imidazole eluates. The protein preparations were extensively dialyzed
against buﬀer A. Protein concentration was determined with the Brad-
ford reagent using bovine serum albumin as the standard [33]. Purity of
the protein preparations was P 95% as judged by SDS–PAGE analy-
sis and subsequent staining with Coomassie blue.2.4. Phosphorylation assays
Autophosphorylation of PhoRC (1.2 lg) was performed using
25 lM of [c-32P]ATP (Jonaki Laboratories, BRIT, Hyderabad, India)
at 25 C in 10 ll phosphorylation buﬀer (50 mM HEPES, pH 7.5,
50 mM KCl, 10 mM MnCl2) for 1 h, unless otherwise speciﬁed. For
phosphotransfer assays, indicated amounts of PhoP or its mutant in
10 ll phosphorylation buﬀer was subsequently added and incubated at
15 C for additional 3 min. The reactions were terminated by addition
Table 1
Primers and plasmids used in this studya
Primers or plasmids Sequence or description Use, source or references
Primers
FPphoP1up 5 0-GTTATTGGATCCCTGGCCAGCCGGTTG-3 0 EMSA, DNaseI, autoregulation
RPphoP1up 5 0-GTTCATGGTACCCTCCGGTGTGGTGTT-3 0 EMSA, DNaseI, autoregulation
FPphoP2up 5 0-GTTATTGGATCCTGGCCATGTCAACCG-3 0 EMSA
RPphoP2up 5 0-GTTCATGGTACCCTCCGGTGTGGTGTT-3 0 EMSA
FPphoP3up 5 0-GTTATTGGATCCGAGGTTCATTCTGCG-3 0 EMSA
RPphoP3up 5 0-GTTCATGGTACCCTTTCCGCATTGGTT-3 0 EMSA
FPphoP4up 5 0-GTTATTGGATCCCTGGCCAGCCGGTTG-3 0 EMSA
RPphoP4up 5 0-GTTCATGGTACCCGCCGACACCGGTTT-3 0 EMSA
FPphoP-RIR 5 0-GTTATTGGATCCGTCCTACGTGTCGTA-3 0 EMSA, autoregulation
RPphoP-RIR 5 0-GTTCATGGTACCAGGTGACCGCGATCC-3 0 EMSA, autoregulation
phoPstart 5 0-GTTTGCCATATGCGGAAAGGGGTTGAT-3 0 PhoP expression
phoPstop 5 0-GTGGTGGATCCTCGAGGCTCCCGCAGTAC-30 PhoP expression
FPphoPD71N 5 0-GTGATCCTCAACGTGATGATGCCC-3 0 Site-directed mutation
RPphoPD71N 5 0-CATCATCACGTTGAGGATCACCGC-3 0 Site-directed mutation
phoRCstart 5 0-GTTATACATATGACGGCCGCGGCGATC-3 0 PhoRC expression
phoRCstop 5 0-GGTGGTGGATCCTTATCAGGGCGGCCCTGGCACAAC-30 PhoRC expression
FPphoRCH259Q 5 0-GACGCCAGCCAGGAACTGCGTACC-3 0 Site-directed mutation
RPphoRCH259Q 5 0-ACGCAGTTCCTGGCTGGCGTCGGT-3 0 Site-directed mutation
mphoPstart 5 0-GTTTGCGGATCCATGCGGAAAGGGGTTGAT-30 PhoP expression
mphoPstop 5 0-GGTGGTAAGCTTTCATCGAGGCTCCCGCAG-30 PhoP expression
phoPEx 5 0-GTTCCCGCCGTCACGAGATCAACC-3 0 Primer extension
Plasmids
pJEM15 E. coli-mycobacteria shuttle vector, Kanr [28]
pSG115 pJEM15 with phoP1 upstream of lacZ This study
pSG117 pJEM15 with phoP–phoR IR upstream of lacZ This study
pSG120 pJEM15 with phoP4 upstream of lacZ This study
pAS25 pSG115 with DR1 randomized phoP promoter This study
pAS26 pSG115 with DR2 randomized phoP promoter This study
pAS27 pSG115 with DR3 randomized phoP promoter This study
pET15b E. coli cloning vector, Ampr Novagen
pSG15 His6-tagged PhoP expression plasmid This study
pSG22 His6-tagged PhoPD71N expression plasmid This study
pSG18 His6-tagged PhoRC expression plasmid This study
pSG30 His6-tagged PhoRC (H259Q) expression plasmid This study
p19Kpro Mycobacterial expression vector, Hygr [32]
pSG35 PhoP cloned in p19Kpro This study
pSG36 PhoPD71N cloned in p19Kpro This study
aFP, forward primer; RP, reverse primer; EMSA, electrophoretic mobility shift assay.
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were resolved by 12% SDS–PAGE. Formation of the labeled proteins
was visualized by autoradiography.
When required, acetylphosphate (P 85% purity, Sigma) was used to
phosphorylate recombinant PhoP in vitro. Brieﬂy, puriﬁed PhoP was
added to phosphorylation buﬀer (50 mM HEPES, [pH 7.5], 100 mM
NaCl) supplemented with 50 mM acetylphosphate and 10 mM MgCl2,
and the mixtures were incubated at 37 C for 60 min. Earlier studies
have indicated treatment with acetylphosphate under these conditions
results in the phosphorylation of 20% of the PhoP in the reaction (A.
Sinha and D. Sarkar, unpublished data).
2.5. Quantiﬁcation of the promoter activity using the reporter lacZ gene
Electrocompetent M. smegmatis strains cotransformed with either
wild-type or mutant phoP promoters (cloned into pJEM15 [28]) and
wild-type or mutant PhoP (PhoPD71N) producing construct in myco-
bacterial expression vector p19Kpro [32] were grown at 37 C in 7H9
broth supplemented with Kan and Hyg for indicated times, collected
by centrifugation, and stored at20 C. Enzyme-speciﬁc activities were
determined in sonicated cell-free extracts and b-galactosidase activity in
Miller units [34] were calculated using the formula 1000 · A420/(time
[min]) · culture volume (ml) · A600 as detailed elsewhere [35].
2.6. DNA–protein binding assay
Gel mobility shift was utilized to identify the DNA binding re-
gion(s). Five DNA fragments were used: the 410-bp phoP1 fragment
and a 250-bp IR were ampliﬁed using pSG115 and pSG117 as tem-
plates, respectively, with the primer pairs listed above (Table 1). Therest of the DNA fragments, a 310-bp phoP2 (250 to +60), a 160-bp
phoP3 fragment (150 to +10), a 146-bp phoP4 fragment containing
a distal upstream region of the phoP promoter (350 to 204) were
PCR-ampliﬁed from pSG115 template using the oligos FPphoP2up
and RPphoP2up for phoP2, FPphoP3up and RPphoP3up for phoP3,
and FPphoP4up and RPphoP4up for phoP4, respectively, and gel-
puriﬁed. Following radioactive labeling by T4 polynucleotide kinase
and [c-32P] ATP, the unincorporated nucleotides were removed by
gel ﬁltration with MicroSpin G-50 columns (Pharmacia). The binding
reaction contained 20 mM HEPES pH 7.3, 50 mM NaCl, 0.20 mg/ml
BSA, 10% glycerol, 1 mM DTT, 1 mM EDTA, 5 nM end labeled
DNA, and indicated concentrations of protein with an approximately
50-fold excess of non-speciﬁc competitor DNA (sheared herring sperm
DNA). After a 20 min incubation at 20 C, reaction mixtures were sep-
arated on a 5% non-denaturing polyacrylamide gel (acrylamide:bis-
acrylamide 37.5:1), which had been pre-run for 3–4 h at 50 V in
45 mM Tris–borate buﬀer. Electrophoresis was performed at 4 C with
50 V for 8–10 h. The gels were dried, visualized by autoradiography
and quantiﬁed using a Phosphor Imager (Molecular Imager, BioRad).2.7. DNaseI footprinting
The 410-bp phoP1 was end-labeled with [c-32P] ATP using T4 poly-
nucleotide kinase and digested with BamHI or KpnI, as appropriate to
remove the radiolabel at one end. The end-labeled fragments were col-
umn-puriﬁed using a reaction clean-up kit (Qiagen) and binding reac-
tions were performed using 30 ng of probe with approximately
10000 cpm for each reaction mix. Following a 20-min incubation at
20 C as in the gel shift studies, DNA digestion was initiated by the
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20 C, the reaction was terminated by the addition of 50 ll of DNaseI
stop solution (3 M ammonium acetate, 0.25 M EDTA and 15 lg of
yeast tRNA). Digestion products were precipitated with ethanol, dis-
solved in formamide dye (1% bromophenol blue, 1% xylene cyanol,
10 mM EDTA in 98% formamide), and analyzed by electrophoresis
on a 6% denaturing polyacrylamide gel alongside a DNA sequencing
ladder prepared with a ReaderTaq DNA sequencing kit (MBI Fermen-
tas, GmbH). Reactions were separated for 1.5 h at 50 V before the gel
was dried and exposed to X-ray ﬁlm (Kodak).2.8. RNA procedures and primer extension
Total RNA was isolated and puriﬁed from mid-log cultures of M.
tuberculosis as described elsewhere [36]. A primer that anneals 11
nucleotides (nt) downstream of the phoP translational start site (pho-
PEx, Table 1) was end-labeled by [c-32P] ATP and T4 polynucleotide
kinase and used in a reverse-transcription reaction withM. tuberculosis
total RNA and Omniscript reverse transcriptase (Qiagen, GmbH).
Approximately 6 lg of total RNA was mixed with the labeled primer
(150000 cpm) in hybridization buﬀer (40 mM Pipes, pH 6.4, 1 mM
EDTA, 0.4 M NaCl, 80% (v/v) formamide), incubated at 85 C for
10 min and then at 30 C overnight. Subsequently, the RNA with
the annealed primers was ethanol precipitated, washed and resus-
pended in 20 ll of elongation buﬀer containing 0.5 mM dNTPs. Elon-
gation was carried out by addition of 4 units of reverse transcriptase
and incubated at 37 C for 1 h. The nucleic acids were ethanol precip-
itated, washed and resuspended in loading buﬀer (95% formamide,
20 mM EDTA, 0.05% (w/v) bromophenol blue, 0.05% (w/v) xylene
cyanol). Dideoxynucleotide sequencing reactions were performed using
ReaderTaq DNA polymerase (MBI Fermentas, GmbH) with the same
end-labeled primer used in the phoP reverse transcription, and the
products were electrophoresed alongside the phoP primer extension
reaction. Primer extension reactions were repeated with two indepen-
dently derived RNA samples, and similar results were obtained.Fig. 1. Phosphorylation of PhoRC and PhoP. (A) Autophosphoryla-
tion ability of PhoRC in the presence of various divalent cations.
1.2 lg PhoRC was incubated in the phosphorylation mix containing
25 lM [c-32P] ATP in the presence of 5 and 10 mM of MgCl2 (lanes 1–
2), MnCl2 (lanes 3–4), and CaCl2 (lanes 5–6). (B) Time dependence.
Puriﬁed PhoRC was incubated in phosphorylation buﬀer containing
[c-32P] ATP and 10 mM MnCl2 at 25 C for indicated times. (C)
Phosphotransfer from PhoRC to PhoP. In time-course experiments of
trans-phosphorylation assays, prior to the addition of PhoP, 1.2 lg of
PhoRC in phosphorylation mix was pre-incubated with 25 lM of
labeled ATP for 60 min. Phosphotransfer reaction was initiated by
adding 3 lg of PhoP and incubated at 15 C for indicated times. (D)
Mutational eﬀects on phosphorylation of PhoRC and PhoP. The
mutant proteins were over-produced and puriﬁed as the wild-type
proteins (see Methods for details). Wild-type or mutant PhoRC
(PhoRCH259Q) was autophosphosphorylated for 60 min as described
in the legends to Fig. 1A. Phosphotransfer reaction was performed
with wild-type or mutant PhoP (PhoPD71N), as described in the
legends to Fig. 1C. The reaction products were resolved by SDS–
PAGE and visualized by autoradiography as described above.3. Results and discussion
3.1. Over-expression and puriﬁcation of proteins
To facilitate puriﬁcation, full-length PhoP and the cytoplas-
mic portion of PhoR (PhoRC) were over-expressed as N-ter-
minal His6-tagged fusion proteins using the pET15b
expression plasmid. An N-terminally truncated form of PhoR
(Thr-193 to Pro-485) lacking the membrane-spanning region
was chosen, as over-expression of full-length sensor kinase
genes is often toxic [30,31]. Additionally, PhoRC was preferred
to avoid insolubility due to the presence of hydrophobic amino
acid stretches. IPTG induction of synthesis of phage T7 RNA
polymerase resulted in high level expression of two major pro-
teins of 29.8 kDa and 37.2 kDa polypeptides, respectively, in
SDS–PAGE, which was not seen in uninduced cells or in cells
containing the vector plasmid lacking an insert (data not
shown). A major portion of the over-produced PhoRC and
PhoP was found in the respective supernatant fractions of
the crude lysates and puriﬁed in the native form by Ni2+-che-
late aﬃnity chromatography. The purity of the proteins
PhoRC (293 amino acids) and PhoP (247 amino acids) after
this step was greater than 95%.
3.2. Autophosphorylation of PhoRC and phosphotransfer
between PhoRC and PhoP
According to the basic mechanism underlying two-compo-
nent system, the transduction of sensory signal occurs through
a phosphorylation cascade. Consequently, phosphorylation of
puriﬁed PhoRC was assessed in presence of [c-32P] ATP using
a standard kinase assay. As shown in Fig. 1A, PhoRC was
readily autophosphorylated in the presence of divalent cationMn+2. However, it exhibited much less autophosphorylation
when incubated in the presence of divalent cations Mg+2 and
Ca+2. The time-course of phosphorylation was slow, and
steady-state levels were reached only after incubation for
1 h (Fig. 1B). Thus, PhoRC possesses kinase activity and
requires Mn+2 as a cofactor for autophosphorylation.
Addition of recombinant PhoP to phosphorylated PhoRC
resulted in loss of radiolabel from PhoRC concomitant with
a signiﬁcant incorporation into PhoP (Fig. 1C). Transfer of
phosphoryl group from the radiolabeled PhoRC was over
within 3 min of addition of PhoP. In order to ﬁnd out whether
PhoP was phosphorylated directly by phosphorylated-PhoRC
or by excess of free [c-32P] ATP, simply as a result of autokin-
ase activity of PhoP, phosphorylation reactions were carried
out following incubation of PhoP with [c-32P] ATP. No
Fig. 2. Regulation of phoP promoter-lacZ fusion in the presence of
MTB PhoP inM. smegmatis. The phoP promoter-lacZ fusion plasmid,
pSG115 was introduced into M. smegmatis with and without PhoP
expression plasmid pSG35, or the expression vector p19Kpro lacking
an insert and were grown for indicated times. Open bars indicate b-
galatosidase activity of the phoP promoter-lacZ fusion (pSG115) alone
and the ﬁlled bars represent the results when wild-type PhoP
expression plasmid (pSG35) is included. Relative enzyme activities
are derived with respect to the normalized 100% activity from
expression of pSG115.
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ing that PhoP is phosphorylated by phosphotransfer from
PhoRC and not from the free nucleotide pool. These results
show that PhoRC is suﬃcient for autophosphorylation and
subsequent phosphotransfer to PhoP, consistent with auto-
phosphorylation and subsequent phosphotransfer ability of a
number of truncated sensor proteins expressing the cytoplas-
mic region only [30,31].
To deﬁne the residues as sites for phosphorylation, amino
acid sequence of both the sensor and the regulator proteins
were compared with other family members. Based on sequence
alignment (data not shown), the conserved residues His-259
of PhoRC and Asp-71 of PhoP were chosen for mutagenesis
(see Table 1 for mutagenic primers). The mutant proteins
PhoRCH259Q, with glutamine replacing the conserved histi-
dine (pSG30) and PhoPD71N, with asparagine replacing the
conserved aspartate residue (pSG22), were over-produced
and puriﬁed. In contrast to that of wild type PhoRC, auto-
phosphorylation of PhoRCH259Q was not observed under
any conditions examined (lane 2, Fig. 1D). Therefore, His-
259 is required for phosphorylation of PhoRC. Additionally,
in contrast to wild-type PhoP, PhoPD71N could not be phos-
phorylated even in the presence of wild-type PhoRC (lane 5,
Fig. 1D). Based on the above results, we conclude that His-
259 and Asp-71 are the primary sites of phosphorylation in
PhoRC and PhoP, respectively.3.3. Expression of M. tuberculosis PhoP in M. smegmatis and its
inﬂuence on phoP promoter activity
In an attempt to ﬁnd out whether phoP is transcribed via
autoregulation, as observed for a few other mycobacterial
two-component systems [37–40], the phoP promoter region,
phoP1 was cloned into the promoterless lacZ reporter plasmid
pJEM15 [28] to construct plasmid pSG115 (see Table 1). The
pSG35 plasmid where phoP has been cloned in the mycobacte-
rial expression system p19Kpro [32] and the pSG115 were
cotransformed intoM. smegmatismc2155, the cells were grown
in presence of Kan and Hyg, and b-galactosidase activities
after indicated times were measured in the extracts to assess
the levels of phoP transcription. A 2–2.5-fold lower b-galacto-
sidase activity was observed for M. smegmatis cells carrying
the phoP promoter-lacZ fusion clone (pSG115) and the
pSG35 (ﬁlled bars, Fig. 2), compared to the cells carrying
pSG115 alone (open bars, Fig. 2) or cells carrying pSG115
and the mycobacterial expression vector p19Kpro, lacking an
insert. A comparable expression of b-galactosidase activity
from either pSG115 alone or in presence of p19Kpro (data
not shown) suggests that the transcription repression is PhoP
dependent and rules out the possibility of any other response
regulator participating in the regulation. To examine if a
low-level of phosphorylation of PhoP by any other intracellu-
lar mechanism (for example by cross-talk with any other sen-
sor kinase) could inﬂuence the activity of the promoter,
similar experiments with pSG115 were also performed with
PhoPD71N (pSG36). Approximately 2-fold inhibition of phoP
promoter activity was also observed in presence of PhoPD71N
(data not shown) indicating that phosphorylation is not re-
quired for PhoP-dependent transcription repression at least
under the conditions examined. This observation is consistent
with the phosphorylation-independent regulation of extracel-
lular magnesium depletion response by Salmonella entericaPhoP where mutant PhoPD52A (PhoP that is defective for
phosphorylation) was shown to promote gene transcription
[41]. Furthermore, attempts with fusion constructs of lacZ
and phoP4, a distal upstream fragment of the phoP promoter
region (pSG120), also failed to show any PhoP-dependent
alteration of b-galactosidase activity (data not shown), sug-
gesting that the observation is phoP promoter speciﬁc. From
these results, we surmise that PhoP can repress transcription
of M. tuberculosis phoP promoter in M. smegmatis.
Response regulator proteins often regulate their own expres-
sion as well as that of their cotranscribed cognate sensor kinase
genes to facilitate a rapid response to an environmental signal.
The mycobacterial two-component systems that have been bio-
chemically characterized so far, namely, TrcR–TrcS, MprA–
MprB, PrrA–PrrB and SenX3–RegX3, are all positively
auto-regulated by the response regulator via direct binding
to DNA in the promoter region [31,37,42,43]. Here, we show
that MTB PhoP response regulator negatively regulates phoP
expression in M. smegmatis (Fig. 2). Furthermore, as these
experiments were carried out in M. smegmatis in absence of
MTB PhoR, it seems likely that PhoP can participate in repres-
sion independent of phosphorylation. In fact, this notion is
consistent with subsequent observations, which suggest that
PhoP can participate in transcriptional repression, and can
speciﬁcally bind to target site independent of phosphorylation
(see Section 3 and Fig. 3E, respectively).
3.4. PhoP speciﬁcally binds to phoP promoter region
To deﬁne the basis of autoregulation, the binding of PhoP to
the phoP promoter elements, being the most likely target for
the binding of PhoP, was examined by gel-shift assays using
DNA fragments prepared by PCR and locations of which
are indicated in Fig. 3A. A 32P-end labeled phoP1 with increas-
ing PhoP resulted in a progressive decrease in probe mobility
with a characteristic wavy electrophoretic pattern around
Fig. 3. Mobility shift assay for binding of PhoP to portions of the phoP promoter. (A) Schematic presentation of the phoP promoter region, and
PCR-generated promoter fragments. PhoP binding site was probed using a number of delimiting and overlapping DNA fragments and the phoP
fragment numbering reﬂects the phoP start codon as +1. (B) Indicated concentrations of recombinant PhoP were incubated with 5 nM 32P-labeled
phoP1 DNA fragment for 20 min at 20 C. The position of the radioactive material was determined by exposure to a phosphor storage screen. (C)
32P-labeled DNA fragments phoP1–phoP4 and IR at 5 nM were incubated for 20 min at 20 C in the absence or presence of 2.4 lM PhoP, and then
electrophoresed as described above. (D) Unlabeled DNA fragments (phoP1, phoP4 and IR) at 25, 50 and 100-fold molar excess were tested for
competition with 32P-labeled phoP1 fragment for binding to PhoP. (E) Indicated concentrations of wild-type PhoP (lanes 2–5), PhoP incubated with
PhoRC and cold ATP (lanes 6–9) and PhoPD71N (lanes 10–13) were analyzed for their DNA binding ability using labeled phoP1 as described above
(see legend B of this ﬁgure).
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species formed discrete bands. To deﬁne the minimal sequence
essential for binding of PhoP, various overlapping phoP pro-
moter fragments, as shown schematically in Fig. 3A were gen-
erated and EMSA were performed in absence or presence of
2.4 lM PhoP. As shown in Fig. 3C, mobility of fragment
phoP1 (coordinates 350 to +60), phoP2 (250 to +60), and
phoP3 (150 to +10), was substantially retarded by PhoP
while the phoP4 fragment (350 to 204, with respect to the
translational start site), distal upstream region of the phoP pro-
moter, and a 250-bp IR, were not shifted upon incubation with
PhoP. These results indicated that there was no high-aﬃnity
PhoP binding sequence upstream of 150 element of the phoP
promoter. Additional gel shift study to demonstrate PhoPbinding speciﬁcity has shown that although unlabeled frag-
ment phoP1 competed with PhoP binding, a 100-fold molar ex-
cess of phoP4 or a 250-bp IR did not aﬀect binding of phoP1 to
PhoP, reﬂecting that PhoP binding to the phoP promoter re-
gion is sequence-speciﬁc. In order to compare the binding of
PhoP in its phosphorylated and its unphosphorylated state,
protein samples pre-incubated with PhoRC plus ATP, or with-
out any phosphorylating agent were used for gel shift studies.
However, phosphorylation showed no considerable eﬀect on
the binding aﬃnity as well as on the retardation pattern (lanes
6–9, Fig. 3E). Consistent with its ability of transcription inhi-
bition from phoP promoter, PhoPD71N (lanes 10–13, Fig. 3E),
expressed and puriﬁed as the wild-type protein, showed a sim-
ilar DNA binding proﬁle as the wild-type PhoP (lanes 2–5,
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examined is not required for DNA binding of PhoP. The for-
mation of multiple complexes indicates that more than one
binding site is present in the phoP promoter region, a result
that was conﬁrmed by the footprinting studies.
Although, we show here that phosphorylation does not ap-
pear to inﬂuence PhoP binding, the concentration of PhoP re-
quired to achieve even approximately 50% occupancy is about
0.25 lM, suggesting that PhoP has a rather weak aﬃnity for its
sites. This observation invites speculation for a possible role of
phosphorylation in high-aﬃnity DNA binding. However, our
results on observed binding of PhoPD71N (Fig. 3E) rules
out eﬀect of phosphorylation of recombinant PhoP from
non-cognate sensors in E. coli, suggesting that phosphoryla-
tion, at least under the conditions examined, is not required
for PhoP binding to its own promoter sites. These results are
consistent with phosphorylation-independent DNA binding
of MTB TrcR, MtrA and M. bovis RegX3 [37,39,40], but con-
trast with MTB PrrA where binding aﬃnity of the protein to
the promoter site of the prrA–prrB operon is signiﬁcantly en-
hanced upon phosphorylation [43].
3.5. The sequence motif of phoP promoter region important for
PhoP binding
In order to further delimit PhoP binding sites, phoP1 frag-
ment carrying radioactive label either at the coding or the
non-coding strand, was incubated with PhoP and DNaseI
was added to partially degrade the DNA. The resulting frag-
ments were analyzed on a denaturing sequencing gel. As
shown in Fig. 4, PhoP, in a concentration dependent mannerFig. 4. DNaseI protection assays of PhoP upstream region. The
410 bp phoP1 was PCR ampliﬁed; 30 ng of DNA was incubated with
PhoP in the presence or absence of DNaseI as described in the
Materials and methods. G, A, T and C designate the DNA sequencing
ladder generated for each strand. Reactions contained DNaseI
cleavage in absence of PhoP and P-PhoP (lanes 1 and 5, respectively),
in presence of 25, 50, and 100 pmol of PhoP (lanes 2–4), or P-PhoP
(lanes 6–8), respectively. The protected regions on each strand are
shown by rectangles, translation start site is indicated with a bent arrow
and the DNaseI hypersensitive site is indicated by a solid triangle.
Nucleotide sequence comprising protected region is summarized in
Fig. 5.protected a long stretch of the 88-bp DNA extending 79 to
+9, relative to the phoP translational start site from degrada-
tion by DNaseI. This result further conﬁrms that PhoP specif-
ically binds to phoP promoter and that DNA binding
presumably involves multiple sequence elements of the pro-
moter region. Presence of DNaseI hypersensitive site suggests
distortion in DNA helix as a consequence of PhoP binding
(Fig. 4). Consistent with the gel-shift data, phosphorylation
of PhoP had no inﬂuence on DNaseI protection pattern.
Having established that PhoP represses expression from the
phoP promoter by sequence-speciﬁc binding, we sought to
identify the phoP transcription initiation site in the promoter
region. A 153-bp primer extension product was identiﬁed
(Fig. 5A) that localizes the phoP transcriptional start site to
a cytosine nucleotide located 118-nucleotide upstream of the
ATG start codon (Fig. 5B). A conserved Shine-Dalgarno
sequence, AGGTAA, is located 10-nt upstream of the ATG
initiation codon, and putative promoter sequence of 10 and
35 were identiﬁed upstream of the phoP transcriptional start
site (Fig. 5B). Analysis of the footprint reveals a protected
sequence of 23 bases (69 to 47) in the phoP promoter region
encompassing two direct repeat units (DR1 and DR2, Fig. 5B),
each of 9-bp spanning 61 to 69 and 47 to 55, respec-
tively, relative to phoP translational start site. Strikingly, these
two sequences were observed to share signiﬁcant similarity
with a downstream 9-bp DR3 sequence extending 3 to
11. The sequence alignment of the three repeat units, along
with the frequency of nucleotides in each position of the 9-
bp sequence is shown in Fig. 5C. By comparing, one observes
a highly conserved sequence that strongly suggests a consensus
binding site. The proposed 9-bp sequence deduced from this
alignment is 1ACT=
T
G=
T
G=GPyAPuC
9, where Py is a pyrimidine
and Pu is a purine. Within this consensus sequence, 4 out of
9 nucleotides are highly conserved: positions 1 and 7 are al-
ways an A, and positions 2 and 9 are always a C.3.6. Autoregulation of phoP in presence of PhoP is dependent on
direct repeat subunits
Since PhoP could protect a DNA region upstream of phoP
comprising three 9-bp direct repeat subunits, we next investi-
gated whether this sequence motif was important in modulat-
ing PhoP autoregulation. Each direct repeat unit of the phoP
promoter region was replaced with a random sequence by
scrambling the sites one at a time (see Section 2). Other than
the alteration of each of the 9-bp repeat units, the mutated
phoP–lacZ fusion plasmids (pAS25, pAS26 and pAS27 repre-
sents the constructs with DR1, DR2 and DR3 sequences mu-
tated, respectively, Table 1) are identical to the pSG115 used in
the aforementioned PhoP autoregulation experiments (see
Fig. 2). PhoP binding experiments were carried out with each
of the mutant promoters using a range of PhoP concentration
(0.25–3.6 lM) (Fig. 6A). Although minor diﬀerence(s) in the
binding pattern of PhoP were observed for mutant promoters
compared to the wild-type promoter, from the observed PhoP–
DNA complexes in the gel retardation experiments it is diﬃ-
cult to surmise the eﬀect of each repeat unit (in presence of
two other wild-type repeat sequences) on overall PhoP-pro-
moter interaction(s). To examine role of each direct repeat unit
in transcriptional regulation, promoter activity of each of the
mutant promoters was analyzed in presence and absence of
PhoP expression. Fig. 6B shows relative promoter strength
Fig. 5. (A) Primer extension analysis of the phoP transcript showing the transcriptional start site. Primer extension was performed using 6 lg of M.
tuberculosis total RNA and the labeled phoPEx primer. (B) In the nucleotide sequence, phoP transcription initiation site (+1) is shown with a bent
arrow indicating the direction of transcription, the start codon and the open reading frame are shown in lower case, the 10 and 35 sequence is
underlined, the Shine-Dalgarno sequence is double underlined, and the phoPEx primer annealing site is shown with an arrow. Nucleotide sequence in
the PhoP-protected footprint is shown by shaded box, the three indicated direct repeat units (DR1, DR2 and DR3) are underlined, and the DNaseI
hypersensitive site is shown by an inverted triangle. (C) The alignment of the indicated repeat units derived from the protected sequence of the M.
tuberculosis phoP promoter summarizes the frequencies of each nucleotide in the protected region. The consensus PhoP binding sequence is shown in
boldface letters in the lower line.
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ity produced from M. smegmatis cells harboring the variant
phoP promoter-lacZ fusion clones in absence (p19Kpro was
present in the control set) or presence of PhoP (pSG35). It
should be noted that while there was a reduction in b-galacto-
sidase activity in presence of PhoP originating from wild-type
phoP promoter (Fig. 2), we observed de-repression of tran-scription in presence of PhoP from all of the three mutant pro-
moters (DR1D, DR2D, DR3D). In fact, the mutated promoters
in presence of pSG35 reproducibly showed higher expression
of b-galactosidase activity compared to the control sets con-
taining p19Kpro (Fig. 6B), suggesting that these sites are essen-
tial for PhoP-dependent transcriptional repression. Our results
thus establish functional importance of the newly-identiﬁed
Fig. 6. Mutations at the direct repeat units aﬀect PhoP-regulated transcription suppression and DNA binding by PhoP. The three direct repeat units
in the regulatory region of the phoP promoter (see legends to Fig. 5) were replaced with a non-speciﬁc 9-bp sequence referred to as ‘D’ sites and cloned
in pJEM15 as described in Section 2 (Table 1). (A) Binding of PhoP to the mutant phoP promoters. Indicated concentrations of wild-type PhoP were
incubated with 5 nM of end-labeled mutant promoter sites, DR1D (lanes 1–9), DR2D (lanes 10–18), and DR3D (lanes 19–27) for 20 min at 20 C and
analyzed for their DNA binding ability as described above (see legend to Fig. 3B). (B) Promoter activity of the indicated constructs was measured
after 30 h of growth with or without expression of PhoP (see legends to Fig. 2). b-Galactosidase assays were performed as described earlier. Results
shown are the averages of at least three independent experiments on each mutant promoter-lacZ fusion, error bars represent the standard deviation
of the mean.
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While expression of several response regulators has been
shown to be critical for MTB virulence, the genetic determi-
nant(s) in the downstream eﬀector regions remain poorly
understood. MTB DosR, which regulates expression of genes
in response to hypoxia and NO exposure [44,45] recognizes a
20-bp palindromic sequence that is present upstream of nearly
all genes regulated by it. TrcR, another response regulator of
MTB also participates in autogeneous regulation by recogni-
tion of a 36-bp AT-rich region upstream of its coding
sequence. More recently, MTB MprA has been shown to
recognize a 19-bp nucleotide motif, comprising two 8-bp direct
repeat units separated by a 3-nucleotide spacer [42]. In contrast
to DosR, TrcR and MprA, PhoP recognizes three 9-bp direct
repeat units of diﬀerent nucleotide sequences interspersed over
the regulatory region of the phoP promoter, all three of which
seem to be essential for transcriptional repression in presence
of PhoP (Fig. 6B).In summary, we have shown that PhoP is a site-speciﬁc
DNA binding protein at three sites of the phoP promoter. A
possible consensus-binding site of 9-bp has been identiﬁed
within the DNA-binding region. We also present evidence sug-
gesting PhoP regulates its own expression through direct rec-
ognition of the direct repeat subunits. Although, both the
DNaseI footprint and the gel shift experiments show se-
quence-speciﬁc binding of PhoP to the promoter region, we
are not yet able to correlate the binding pattern revealed in
the footprints with the PhoP–DNA complexes observed in
the gel retardation experiments. Additional gel shift assays
with the sub-fragments of the promoter region combined with
the mutagenesis studies of the protected DNA regions need to
be carried out in order to determine what the diﬀerent PhoP–
DNA complexes actually represent. Although it remains un-
clear how PhoP represses transcription, two modes of repres-
sion can be speculated. One model involves possible
preclusion of RNA polymerase binding as a result of PhoP
binding. As shown in Figs. 4 and 5, PhoP binds to at least
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data (Fig. 3) suggests an overall relatively weak DNA binding
aﬃnity of the response regulator, the aﬃnities possibly vary
from site to site. Despite the inability to estimate relative bind-
ing aﬃnity in footprinting analysis, the ability of PhoP to bind
within the proximal region of the phoP upstream sequence
could interfere with RNA polymerase binding and facilitate
phoP repression. A second possible model involves DNA heli-
cal distortion as a consequence of DNA–PhoP interaction(s).
The presence of intrinsic sequences of DNA curvature located
between the phoP transcription start site and the PhoP binding
region could cause DNA bending and/or distortion of DNA
helix leading to PhoP–RNA polymerase interactions that
would prevent transcription. In fact this notion is consistent
with our observation showing a number of protein concentra-
tion dependent PhoP–DNA complexes in the native gel re-
tarded to a varying degree (Fig. 3) and presence of DNaseI
hypersensitive sites in the footprinting data (Fig. 4) presum-
ably causing helical distortion as a consequence of DNA
binding. Mutations at the PhoP binding site possibly abro-
gate PhoP binding proximal to RNA polymerase binding
site and eliminate interference with RNA polymerase binding
to the promoter thereby facilitating de-repression. Alterna-
tively, mutations at the PhoP binding sites alter DNA bending
and / or distortion of DNA helix leading to altered PhoP–
RNA polymerase interaction(s) that would allow transcrip-
tion.
Although much work remains to be done in identifying the
genes regulated by PhoP, the present work with identiﬁcation
of a gene promoter that the MTB PhoP regulates and the bio-
chemical characterization of its binding interaction(s) repre-
sents a signiﬁcant advancement in beginning to understand
the PhoPR two-component system. Elucidation of the speciﬁc
signal sensed by the PhoR histidine kinase, whether Mg+2 as in
Salmonella [17], phosphate as in Streptomyces [46], acetate as
in E. coli [47], or otherwise is the next challenge to understand
under which conditions and with which aim(s) PhoP function
is regulated. However, identiﬁcation of the target sites to which
PhoP is binding may help ﬁnd PhoP-regulated promoters with
a consensus PhoP-binding site and allow future studies on reg-
ulatory interactions of the PhoP response regulator.
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